Introduction
Recent developments in biotechnology and the progress of genome projects have brought about an explosive amount of information on the organization of genes and their sequences and functions. Also, improvements in structural analyses and biochemical methods have accelerated the accumulation of structural and property data of biomolecules. Under these circumstances, it is vital for researchers to access these data and obtain biologically significant information from them as efficiently as possible. One of the most important goals in molecular biology is to elucidate the relationship between the structure, function and properties of biomolecules. Such knowledge would enable us to design modifications of biomolecules for particular functions, and drugs to modify the function and properties of biomolecules.
The number of currently known structures of biomolecules is >6000. This wealth of structural data helps us to understand the molecular mechanism of structural integrity and stability of biomolecules. On the other hand, most biomolecules have some functional role, such as enzymes and signal transducers. The functionally important sites, such as active sites in enzymes and ligand binding sites, tend to be conserved among a family of proteins. The conserved amino acid sequences are called motifs, and many motifs are known. The physicochemical properties of biomolecules are studied by various biophysical and biochemical methods. The structure, function and properties of biomolecules are often closely related, but it is usually difficult to infer the relationship from individual data. The structural data on biomolecules are maintained by the Protein Data Bank (PDB) at Brookhaven National Laboratory (Bernstein et al., 1977) . Information on functional sites of biomolecules can be found in databases such as PROSITE . The data on physicochemical properties of biomolecules are fragmentary and there is no integrated database. Thus, if researchers are interested in the structure of particular molecules and its relationship with function and physicochemical properties, they usually need to examine several databases and literature sources to obtain the relevant information. It would be useful to have an integrated database where one can examine the relationship between structure, function and properties. There are some services available in the Internet to link various databases, e.g. National Center for Biotechnology Information (USA), European Bioinformatics Institute and GenomeNet (Japan). How- ever, the relational information on biomolecular structure, function and properties is rather scarce. Thus, we have decided to create an integrated database and search/visualization tool, called 3DinSight, by focusing on the following points: (i) integrate the data on structure, function, properties and the information on their relationship into a relational database, in order to enable flexible searches which are difficult for the flat-formatted databases; (ii) provide a World Wide Web (WWW) interface so that any researchers not familiar with the database system can access the data and carry out searches; (iii) visualize the relationship between structure, functional sites and properties automatically in three-dimensional (3D) space, together with the link to associated document information. The concept of 3DinSight is shown in Figure 1 , and the system is described below in detail.
Relational database for the structure, function and properties of biomolecules
For the structural data, we used coordinate data of PDB. We are mirroring the data. We have implemented the data into SYBASE relational database by creating various tables shown in Table 1 according to the major data items listed in the flat-format entry files of coordinate data (classification by data item). These tables include document information such as source, authors and remarks, and structural information such as secondary structures and sequence. Besides the database which contains all the PDB entries, we also created subset databases (classification by entry). At present, one can choose from the following subset databases: The subsets containing the representatives of protein homologues according to the sequence homology. The subsets with 95, 55 and 25% homology cut-offs prepared by Hobohm et al. (1992) and Hobohm and Sander (1994) , and those with 50% cut-off prepared by Matsuo and Nishikawa (Y.Matsuo, personal communication) , are included. These subsets are particularly useful for those conducting statistical analyses of protein structures. The other subsets include nucleic acids, structures of protein-nucleic acid complex, and protein-DNA complex, which may be useful for those interested in nucleic acids and their interactions with proteins. For the above subsets, one can carry out the same searches as for the full PDB data, so that one can obtain information of particular interest more efficiently. We plan to extend this classification to cover other fields of interest. Protein Table  Main table for PDB entries Chain Table  Table for amino acids or base sequences Helix Table  Table for α helices Sheet Table  Table for β sheets Turn Table  Table for turns Ssbond Table  Table for S-S bonds Site Table  Table for groups comprising important sites Atom Table  Table for atomic coordinates Het Table  Table for non-standard groups or residues Connect Table  Table for connectivity records Crystal Table  Table for crystal information Amino Table  Table for amino acid properties Distance Table  Table for distance between amino acid and base
Prosite Table  Table for PROSITE data Chain-Prosite Table  Table for positional information of PROSITE data on PDB sequences Swiss-Prot Table  Table for SWISS-PROT data Chain-Swiss Table  Table for links between PDB and SWISS-PROT PIR Table  Table for PIR data Chain-PIR Table  Table for links between PDB and PIR Mutant Table  Table for Protein Mutant Database Chain-PMD Table  Table for links between PDB and Protein Mutant Database
As to the functional data, we have implemented PROSITE, which contains functional sites and motifs of proteins. The functional sites are usually described as sequence patterns. Thus, we need to make correspondence between the structural entry, the locations of functional sites on the sequence and on structure. This correspondence is not straightforward, since the sequence information in PDB entries is not always consistent; there are gaps, deletions, insertions and mutations in the sequence described in the SEQRES field of PDB and the actual amino acid sequence in the coordinate field. These inconsistencies are caused by the difficulties in structural analyses, inconsistent numbering of amino acids (it may not start from one), or the presence of an insertion code for homologous proteins. Such information is usually described in SEQADV and REMARK fields of PDB files, but it is difficult to automate the mapping procedure. In order to circumvent this problem, we have made pairwise alignments of the sequences in SEQRES and coordinate fields of PDB for all the protein chains by allowing gaps and insertions (Smith and Waterman, 1981) . Based on these alignments, we have created a table containing the pair of aligned sequences and sequence numbers. This table enables us to convert the amino acid numbering in the SEQRES field to that in the coordinate field unambiguously. We have then carried out pattern matching between the motif sequences of PROSITE and amino acid sequences in the SEQRES field of the PDB file. We have created a table for relating the protein chains with locations of functional sites in PROSITE. We have also created a table containing PROSITE entry, sequence patterns and associated documents of functional motifs for the purpose of a direct search on PROSITE (see the next section).
We have also implemented the Protein Mutant Database (Nishikawa et al., 1994) , which contains a collection of information about protein mutants: type of mutations, location, bibliographic data and cross-reference to Protein Information Resource (PIR; George et al., 1997) , etc. This database also contains information on the properties of proteins, such as the changes in stability and binding affinity caused by mutations. By using the cross-reference information in the database, we first mapped the locations of mutations on the amino acid sequences of PIR. Since the numbering of amino acids is not always the same as that of PIR, we always verified the location of the mutation on the PIR sequences. Then, the mutant positions are mapped on the amino acid sequences of PDB by using the PDB-PIR cross-reference table (see below). We created a table to relate the protein chains with locations of mutations to make one-to-one correspondence to the location on structure, in a similar manner to the functional site.
In order to relate structural and functional information to properties of molecules, we created a relational table containing various properties of amino acids based on their physicochemical properties, such as hydrophobicity and propensities for secondary structures. The table currently contains 43 representative properties of amino acids (Kubota et al., 1982) . These data can be used to calculate the property profiles of a given protein chain, through an interface program we built (see the next section). A similar and more extensive set of properties has been compiled by Nakai et al. (1988) , and is available from the GenomeNet of Japan. We have also created a table for the distance information; at present the table contains the distances between nucleic acid bases and protein amino acids in the protein-DNA complex subset data. By using this table, we can make queries such as 'List all the asparagine residues within 5 Å distance from adenines in the protein-DNA complex database'. We plan to extend this kind of data to include the distances between amino acids.
The present relational database also contains links to amino acid databases, SWISS-PROT (Bairoch and Apweiler, 1997) and PIR (George et al., 1997) . Although these databases contain some cross-reference information, it is not necessarily complete or updated. Thus, we decided to build cross-links between structural and sequence data in our relational database. For this purpose, we have compared the sequences in the SEQRES field for all the chains of PDB against those in SWISS-PROT and PIR, by using the FASTA homology search program. Then, we selected only those entries with the highest homology (currently, those with >95% identity; we plan to include links with lower homology). Other links included in the database are SCOP (Hubbard et al., 1997), ENZYME database (Bairoch, 1993) and Medline bibliographic database.
WWW interface and visualization tool
We have built a WWW interface (http://www.rtc.riken.go.jp/3DinSight.html) to the relational database so that researchers can access the data and carry out various kinds of searches through the computer network. There are a wide spectrum of users with different backgrounds, so we have prepared two levels of interfaces; one is the form-based interface and the other is the SQL-based interface. In the formbased interface, which is intended for users without particular knowledge of relational databases, the user can do most of the regular searches such as entry, keywords, author and structure resolution simply by filling out the form, as shown in Figure 2 . We also implemented the sequence pattern matching, which allows ambiguities in sequence, length and repetition, and the patterns can be searched within particular secondary structures. One can select the subset databases described in the previous section at the 'Database Option' menu. The link to the functional data or mutant data can be made at the 'Display Option' menu, e.g. if PROSITE link is selected, those structural entries with PROSITE functional sites will be displayed, together with PROSITE definition, locations of the functional sites and the pointers to PROSITE accession and document data. Some motifs of PROSITE may occur in sequences by chance. Thus, the list also displays the frequency of the occurrence of each motif in PDB, i.e. the ratio of the actual number of occurrences of the motif in the PDB database and the total number of PDB chains. This will help users to evaluate the statistical significance of the motif mapping. Several frequently found motifs, such as an N-glycosylation site, are excluded in the 'Subset' data to prevent excessive output. The screened list also displays some structural information, such as resolution of structure and numbers of chain, helix, sheet and turns, as well as titles and authors. We also prepared the interfaces for PROSITE, Protein Mutant Database, PIR and SWISS-PROT. These databases can be (Dijkstra et al., 1981; PDB code 1BP2) . The locations of secondary structures of the structure are shown (they are shown in different colors in the original picture). The locations of PROSITE motifs, phospholipase A2 His and Asp active sites, are also indicated (to show these functional sites, 'Linking PROSITE information' at the Display Option menu should be selected before the search). In the case of mutation sites, their positions are represented by vertical bars. The appearance of this graph is modified in this figure for clarity. a searched directly by using accession number, document ID and keywords. Then, the screened list can be linked to PDB entries and displayed in a similar manner as before. In the case of PROSITE, user-supplied sequences can be searched b for possible matches with PROSITE motifs by using a special interface. In the case of the Protein Mutant Database, one can search by the type of mutation, e.g. a query like 'list all the proteins in PDB for which the mutation from Pro to Gly has been analyzed'. We have also prepared the interface by which users can carry out a homology search of their sequences against PDB. Those users familiar with relational databases can use the SQL-based interface. This interface provides powerful expression capability to search information under more complex conditions. For example, if one wants to find any amino acid residues within 3 Å distance from G in the protein-DNA complex (for the Protein-DNA complex subset only), the search can be done by submitting the following SQL: select distinct entry, seq_no1, res_name1 from distance where res_name2 = 'G' and distance < 3.0 and res_name1 != 'OH' However, users have to construct SQL statements by themselves. SQL can be written in a window as a text. We supplied a list of SYBASE tables with short summary and format description, so that one can refer to them in composing SQL. We also supplied some examples of SQLs for convenience.
After the screening by whichever search method, each entry is linked to the original PDB files. From this entry screen, one can go to 'Amino-acid analysis', where the properties of the molecule can be examined by using the amino acid tables implemented in the database, as shown in Figure  3 . As described before, we have collected >40 properties of amino acids, and some mathematical operations such as sum and average for each protein chain can be performed and displayed. Furthermore, those properties can be plotted and displayed as a graph on the screen automatically, as shown in Figure 3b . In this display, the actual locations of secondary structures, functional and mutation sites are mapped automatically, so that one can compare these locations with various property profiles of amino acids. Such kinds of information, combined with the visualization of 3D structure and functional sites described below, will provide insight into the relationship between the structure, function and properties of biomolecules.
The screened structure and associated functional or mutation sites can be visualized by using visualization tools, VRML and RasMol (Sayle and Milner-White, 1995) . In either case, structures can be displayed automatically by selecting from the menu in the entry display. The visualization of protein structure in 3D space can be very CPU intensive, and its real-time manipulation becomes difficult depending on the size of molecules and the type of remote hardware. Thus, we prepared various kinds of formats for the structure display. In the case of VRML, the user can choose from four kinds of display formats with different levels of complexity: (i) structure with C α atoms connected by lines, and functional sites represented by cubed sticks or mutation sites with cubed atoms (Wire model); (ii) structure same as (i) except addi- Fig. 4 . Graphics display of the structure of phospholipase A2 (Dijkstra et al., 1981; PDB code 1BP2) by VRML with Ball-and-Stick model. The indicated darker regions (they are shown in different colors in the original picture) correspond to the PROSITE motifs, phospholipase A2 His and Asp active sites (to show these functional sites, 'Linking PROSITE information' at the Display Option menu should be selected before the search). By clicking the highlighted regions on the screen, one can view the corresponding PROSITE documents. Mutation sites can be displayed and linked to the document data in a similar manner.
tional spheres (cubes) to represent C α atoms (Ball-and-Wire model); (iii) structure with C α atoms connected by cubed sticks (Stick model); (iv) structure with C α atoms connected by cylinder sticks and spheres to represent C α atoms (Balland-Stick model) . In addition to these, options for labeling atoms can be selected. The functional and mutation sites are mapped on the structure and highlighted by different colors automatically, as shown in Figure 4 . In the case of VRML, the functional or mutation sites in the 3D structure are clickable objects linked to the PROSITE or mutant documents, so that one can obtain the corresponding functional or mutational information, such as a description of the site and associated literature. The mapping of PROSITE motifs on PDB structures for RasMol display has already been attempted (Saqi and Sayle, 1994) , although the mapping could not be displayed automatically. Here, the mapping information was implemented into the relational database, so that it can be combined with other kinds of information, and the database search and visualization can be done at once. Whereas RasMol is superior to VRML in terms of speed and flexibility of manipulation, it can simply display structure and functional sites. On the other hand, while VRML is quite heavy on CPU, it has the advantage in that 3D objects can be hyper-linked to other objects such as text, in a manner similar to HTML. Therefore, users should select the visualization method according to their needs.
Discussion
3DinSight was intended to integrate information on the structure, function and properties of biomolecules, and to help researchers gain insight into the relationship between them. So far, we have integrated several kinds of data into a relational database system. However, these data are constantly expanding. Also, research fields are becoming greatly diversified. In order to keep up with these changes, we want to expand and improve our system further. We would like to include more functional information into the database; one of the types of functional data we would like to implement is the database of drugs binding to biomolecules. Some information is included in PDB and PROSITE, but it is difficult to utilize such information fully. We want to integrate the data to derive useful information more efficiently. Linking these kinds of information with 3D structures would provide insight into the function of molecules. We would also like to add more links to other sequence and document databases in order to supplement the functional information. We have created various subset data, such as the subsets of protein homologues, nucleic acids and protein-nucleic acid complexes. While these subsets were intended to increase the efficiency of searching, the classification by itself implicitly contains functional information. Thus, we would like to add more subsets, such as enzymes, signal proteins and membrane proteins according to their function. The current version of 3DinSight contains information on amino acid properties, but we would like to include the properties of biomolecules. So far, there is no integrated database for the properties of biomolecules, such as thermodynamic, optical and hydrodynamic properties. We plan to gather such data and integrate them with the structural and functional data by implementing them into the relational database. The integration and viualization of the structure, function and properties of biomolecules in 3D space would help us to understand the mechanism of biomolecules in the living system.
